Cruise ships are known to be vulnerable to outbreaks of certain infectious diseases, such as norovirus, and environmental analysis has often found sanitary conditions aboard inspected ships to be inadequate \[[@CIT0001]\]. Between January and February 2020, a novel coronavirus disease (COVID-19) outbreak occurred on the Diamond Princess cruise ship \[[@CIT0002], [@CIT0003]\]. Following arrival in Yokohama, Japan, passengers were isolated in their cabins for 14 days ([Supplementary Box A](#sup1){ref-type="supplementary-material"}). By 20 April, 712 COVID-19 cases had been detected among the 3713 passengers and crew (19%), with 13 deaths. We examined the role of surfaces, wastewater, and air in transmission of severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) during this outbreak.

METHODS {#s1}
=======

We performed environmental sampling on the Diamond Princess cruise ship on 22--23 February 2020, prior to disinfection of the vessel and while some passengers and crew members remained on board. We obtained specimens from cabins in which confirmed COVID-19 cases had stayed (case cabins), cabins with no confirmed case at any time (noncase cabins), and common areas.

Cases were defined as any person on board the vessel who had at least 1 oropharyngeal specimen that tested positive for SARS-CoV-2 by real-time reverse transcriptase polymerase chain reaction (rRT-PCR). Cases were categorized as symptomatic or asymptomatic based on their presentation at the time of sample collection. For case cabins, we randomly selected cabins in which confirmed symptomatic or asymptomatic COVID-19 cases had stayed. To understand the duration and survivability of SARS-CoV-2 on surfaces, we also selected case cabins according to the last date on which any person was in the cabin. Case cabins had been disinfected by 5% hydrogen peroxide spraying prior to sampling (14--15 February 2020), including some of those that were sampled. To understand the contribution of airborne transmission, we selected noncase cabins next to a case cabin or at least 3 cabins away from a case cabin. To understand the contribution of wastewater, we also included noncase cabins located below case cabins. We swabbed diverse surfaces in cabins and common areas ([Supplementary Box B](#sup1){ref-type="supplementary-material"}).

For sampling, we used polyester-flocked oropharyngeal specimen collection swabs moistened with viral transport medium (VTM). We swabbed areas (4 × 5 cm^2^) in 3 directions. We placed swabs into VTM and kept them frozen at −80°C until testing at National Institute of Infectious Diseases (NIID), Japan. In addition, a second sampling of surfaces from part of the SARS-CoV-2 RNA-detected items was conducted on 27 February 2020 for viable virus isolation, with samples stored at 4^o^C and transferred directly for laboratory isolation.

We obtained air samples (50 L/min for 20 minutes) from cabins by placing 2 air samplers (Airport MD8, Sartorius) in 7 random cabins on the bed and on the toilet seat. Collection was performed through a special gelatin filter (type 175, Sartorius; T1 phage capture rate, 99.99%; effective filtration area, 38.5 cm^2^). After collection, the sample was put in the gelatin filter in the original package, checked, and stored at −80°C until testing at NIID (typically at least 14 days).

Samples were tested by rRT-PCR. We attempted viral isolation from some samples in which viral RNA had been detected by rRT-PCR and from the second round of sampling. Samples were mixed with Dulbecco's modified Eagle medium supplemented with standard concentrations of penicillin G, streptomycin, gentamicin, amphotericin B, and 5% fetal bovine serum. These were inoculated on confluent VeroE6/TMPRSS2 cells \[[@CIT0004]\]. Culture medium at 0 or 48 hours postinfection was collected, diluted 10-fold in water, and boiled for 5 minutes. An rRT-PCR assay was performed to quantify the increased amount of coronavirus RNA with a MyGo Pro system (IT-IS Life Science) \[[@CIT0005]\].

The median highest and lowest temperature in Yokohama between 3 February and 27 February 2020 were 13.0°C (range, 6.5--18.5°C) and 5.5°C (range, 0.0--9.3°C). The median highest and lowest humidity were 73% (range, 41%--98%) and 40% (range, 17%--76%).

We calculated the prevalence of surfaces positive for SARS-CoV-2 and used the Fisher exact test to evaluate the difference in SARS-CoV-2 detection between cabins with symptomatic and asymptomatic cases. We considered 2-tailed *P* \< .05 statistically significant, and used Bonferroni correction. This investigation did not require institutional ethics review as a public health investigation under Japanese Infectious Disease and Quarantine Law.

RESULTS {#s2}
=======

Overall, SARS-CoV-2 RNA was detected in 58 (10%) of 601 environmental samples ([Table 1](#T1){ref-type="table"}). SARS-CoV-2 RNA was detected in approximately two-thirds of all case cabins swabbed, while it was not detected in any noncase cabins. Except for 1 sample from an air hood in a corridor, SARS-CoV-2 RNA was not detected in samples swabbed in common areas. SARS-CoV-2 RNA was not detected in any air samples.

###### 

Detection of SARS-CoV-2 RNA During a COVID-19 Outbreak on the Diamond Princess Cruise Ship, by Cabin and Area

  Sample                                           Samples Tested, No.         SARS-CoV-2 RNA Detected, No. (%)   
  ------------------------------------------------ --------------------- ----- ---------------------------------- ----------
  Surface samples                                                                                                 
   Cabins of people with confirmed COVID-19        33                    330   21 (64)                            57 (17)
    Cases with symptoms before disembarkation      19                    189   10 (53)                            28 (15)
    Cases without symptoms before disembarkation   13                    131   10 (77)                            28 (21)
    Case symptom status unknown                    1                     10    1 (100)                            1 (10)
    With 5% hydrogen peroxide spraying^a^          8                     79    5 (63)                             9 (11)
    Without 5% hydrogen peroxide spraying          25                    251   16 (64)                            48 (19)
   Cabins of people without confirmed COVID-19     16                    160   0 (0)                              0 (0)
   Shared areas                                                                                                   
    Medical clinic                                                       20                                       0 (0)
    Restaurants on 5th deck                                              24                                       0 (0)
    Other                                                                53                                       1 (2)^b^
   Total                                           49                    587   21 (43)                            58 (10)
  Air samples                                                                                                     
   Cabins of people with confirmed COVID-19        4                     8     0 (0)                              0 (0)
   Cabins of people without confirmed COVID-19     3                     6     0 (0)                              0 (0)
   Total                                           7                     14    0 (0)                              0 (0)

^a^Spraying with 5% hydrogen peroxide was conducted 1 to 10 days after infected persons had left the cabins.

^b^Hood of air outlet in the corridor.

SARS-CoV-2 RNA was most often detected on the floor around the toilet in bathrooms (39%, 13/33; cycle quantification \[Cq\], 26.21--37.62) and bed pillows (34%, 11/32; Cq, 34.61--38.99) ([Table 2](#T2){ref-type="table"}).

###### 

Detection of SARS-CoV-2 RNA in Cabins Occupied by People With Confirmed COVID-19 During the Diamond Princess Cruise Ship Outbreak, by Swabbed Item and Presence of Symptoms

                                            Total   Symptomatic^a^ (19 Cabins)   Asymptomatic^b^ (13 Cabins)                                                           
  ----------------------------------------- ------- ---------------------------- ----------------------------- --------- -------------- ----- --------- -------------- ------
  Floor around the toilet in the bathroom   33      13 (39)                      19                            5 (26)    29.79--37.02   13    7 (54)    26.21--37.62   .15
  Pillow                                    32      11 (34)                      18                            6 (33)    34.61--38.84   13    5 (38)    36.31--38.99   1.00
  Phone                                     33      8 (24)                       19                            2 (11)    31.93--37.74   13    6 (46)    33.09--37.95   .04
  Table                                     34      8 (24)                       19                            5 (26)    34.25--37.87   14    3 (21)    36.28--37.85   1.00
  TV remote control                         33      7 (21)                       19                            4 (21)    30.35--37.29   13    3 (23)    35.58--38.53   1.00
  Chair arm                                 33      4 (12)                       19                            2 (11)    36.91--38.86   13    2 (30)    37.29--38.17   1.00
  Toilet flush button                       33      2 (6)                        19                            2 (11)    36.71--38.13   13    0 (0)     ...            .50
  Toilet seat                               33      2 (6)                        19                            1 (5)     36.10          13    1 (3)     37.25          1.00
  Light switch                              33      1 (3)                        19                            0 (0)     ...            13    1 (3)     38.02          .41
  Doorknob                                  33      1 (3)                        19                            0 (0)     ...            13    1 (3)     37.93          .41
  Total                                     330     57 (17)                      189                           28 (15)   29.79--38.86   131   28 (21)   26.21--38.99   .14

^a^Cabins with symptomatic cases were those with at least 1 symptomatic case, and cabins with asymptomatic cases were those with no symptomatic cases before sampling.

^b^One case cabin occupied by an infected passenger with unknown symptoms was excluded. In this cabin, SARS-CoV-2 RNA was detected only from the floor around the toilet (Cq 33.33).

^c^ *P* values evaluated the proportion of SARS-CoV-2 detection between cabins of symptomatic and asymptomatic cases.

In case cabins occupied by symptomatic cases, SARS-CoV-2 RNA was detected in 15% (28/189) of samples tested, with Cq values ranging from 29.79 to 38.86. SARS-CoV-2 RNA was detected in 21% (28/131) of samples from case cabins with asymptomatic cases, with a range of Cq values from 26.21 to 38.99. All but 2 case cabins had 2 occupants before the room was vacated. The remaining 2 cabins had 1 and 3 occupants.

The range of time between the last occupant vacating a case cabins and detection of SARS-CoV-2 RNA was 1--17 days, and rates of positivity decreased with time ([Supplementary Table](#sup1){ref-type="supplementary-material"}). Areas where SARS-CoV-2 RNA was detected at least 14 days after the cabin was vacated included the floor around the toilet and bed pillows. The lowest Cq values were detected on samples taken 4 (Cq, 26.21) and 7 (Cq, 29.79) days after cabins were vacated, both obtained from the floor around the toilet.

No viable virus could be isolated from the 58 samples with SARS-CoV-2 RNA detected by rRT-PCR or the 18 samples obtained in the second sampling.

DISCUSSION {#s3}
==========

Following the COVID-19 outbreak in the Diamond Princess cruise ship, we detected SARS-CoV-2 RNA on environmental surfaces of cabins of symptomatic and asymptomatic COVID-19 cases up to 17 days after the cabins had been vacated. Although we were unable to isolate the virus from any of the samples, our findings have implications for outbreak prevention and control strategies as well as disinfection procedures.

Our findings suggest that environmental surfaces may have played a role in transmission of the virus. SARS-CoV-2 RNA was detected on multiple surfaces of case cabins, most often on bed pillows and the floor around the toilet in the bathroom, for up to 17 days, longer than previously reported \[[@CIT0006]\]. SARS-CoV-2 has been detected in oral swabs, anal swabs, blood, tears, conjunctivae, and sputum \[[@CIT0007], [@CIT0008]\]. Our finding of SARS-CoV-2 RNA on bed pillows may have come from coughing, nasal drainage, or tears during sleep. This suggests that cleaning of linens before use by another person and safe transfer and cleaning of used lines are important to prevent contact transmission of SARS-CoV-2. The RNA detected on the floor around the toilet may have come from stool or from respiratory secretions. Lower rates of RNA detection in samples from surfaces with high frequency of hand-touching (eg, doorknobs) may be due to good hand hygiene practices, frequent cleaning, or surface material \[[@CIT0009]\]. As with health care settings, where patient hand hygiene guidance is essential to prevent health care-associated infections, education on good hand hygiene is critical for stopping SARS-CoV-2 transmission on cruise vessels.

Another important finding is that there was no difference in surface contamination between cabins of cases who were symptomatic and asymptomatic. The asymptomatic cases may have been pre- or postsymptomatic. Nevertheless, it is evident surface contamination occurred in rooms occupied by persons who were classified as being asymptomatic at the time they vacated their cabins. Studies have shown evidence of asymptomatic and presymptomatic transmission \[[@CIT0010], [@CIT0011]\]. Asymptomatic transmission presents a substantial challenge for public health because isolation of only symptomatic patients will not interrupt transmission chains.

Our findings also imply that simple cleaning procedures of the environment can remove the virus from surfaces and reduce transmission. In addition to the low proportion of RNA detection in the samples mentioned above (eg, door knobs), RNA was detected from only 1 sample in common areas, a ceiling vent that may have been difficult to reach during cleaning. For environmental cleaning during the quarantine, standard disinfectant with hydrogen peroxide as the active ingredient was used, and the frequency of disinfection was increased with a focus on areas of highest foot traffic (personal communication, J. Leonard, 19 March 2020). The contribution of environmental surfaces to transmission might be limited by periodic cleaning using hydrogen peroxide products or other products active against SARS-CoV-2. Interestingly, SARS-CoV-2 RNA was detected in case cabins that had been disinfected by hypochlorite spraying. Although the spraying of hydrogen peroxide could structurally disinfect SARS-CoV-2 \[[@CIT0012]\], removing the virus by wiping environmental surfaces may be safer during outbreaks.

The duration of viable SARS-CoV-2 on environmental surfaces is still not fully determined. Although the chance of detecting viral RNA decreased with time, we could not isolate viable virus. Other human coronaviruses can persist on hard surfaces at room temperature for up to 9 days \[[@CIT0006]\]. A recent study indicated that SARS-COV-2 had varying viability on different surfaces and was similar to SARS-COV-1 under experimental conditions, with the virus surviving on plastic and stainless steel for over 72 hours \[[@CIT0009]\]. The high Cq values in most of our positive samples suggests low-level contamination of the environment after the COVID-19 cases vacated the cabins, potentially explaining why no virus was isolated. Alternatively, there may have been aspects of the sampling, storage, transport, or isolation methods that complicated isolation success.

We could not find evidence of air transmission in this study. One study reported that the virus was viable for up to 3 hours in the air \[[@CIT0009]\], and viral RNA was detected from air sampling of airborne infection isolation rooms in a general ward \[[@CIT0013]\]. Our sampling was conducted only after cases left the cabin, potentially complicating viral isolation. Viral load in the air, if it existed, would be higher when cases were in the cabin. Another reason could be the relatively short sampling time (20 minutes); studies reporting viral RNA detection from the air have sampled for 30 minutes \[[@CIT0014]\] or 4 hours \[[@CIT0013]\]. Detection of SARS-CoV-2 RNA from a single air vent in the ceiling of a corridor was more likely the result of a projectile droplet, but this suggests that the virus could flow beyond 1 m in a condition with limited airflow. Some respiratory pathogens, such as influenza virus or SARS-CoV-1, have been reported to transmit beyond 1 m in some circumstances \[[@CIT0015]\]. Alternatively, stopping the air recirculation aboard the ship may have prevented airborne transmission in the common area or between the cabins. The possibility of airborne transmission of SARS-CoV-2 and the effect of stopping air recirculation in the cruise ship during the COVID-19 outbreak need further study.

No viral RNA was detected from the toilet floor of cabins directly under case cabins. If the virus were transmitted through wastewater systems, we assumed that it would be detected in these cabins because wastewater travels from higher to lower decks on the ship. We thus did not find evidence that SARS-CoV-2 was transmitted through the wastewater system; however, further study is needed to conclusively rule it out.

The strength of our study was the ability to conduct systematic environmental sampling during an outbreak response. Rooms were left untouched for several days after disembarkation of passengers, providing an ideal situation to evaluate persistence of viral RNA. Limitations include, first, the fact that it took approximately 3 hours to bring the specimen to the laboratory due to logistical challenges, which may have affected isolation of the virus. Second, there were potential misclassifications of noncase cabins because the sensitivity of RT-PCR is not satisfactory. Third, some cabins were disinfected before sampling, which might be a reason why viable virus was not isolated.

In conclusion, the environment around COVID-19 cases was extensively contaminated with SARS-CoV-2 during the cruise ship outbreak. Environmental surfaces could have contributed to viral transmission through direct contact, but we found no evidence of transmission through air or wastewater. High rates of environmental contamination in cabins with asymptomatic cases support other evidence that transmission can occur from asymptomatic persons. Cleaning of surfaces with active disinfectant and communication messages demonstrating and emphasizing hand hygiene are essential to interrupting the chain of transmission during outbreaks.

Supplementary Data {#s4}
==================

Supplementary materials are available at *The Journal of Infectious Diseases* online. Consisting of data provided by the authors to benefit the reader, the posted materials are not copyedited and are the sole responsibility of the authors, so questions or comments should be addressed to the corresponding author.

###### 

Click here for additional data file.
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